Exposures to a wide spectrum of air pollutants were associated to several effects on 18 children's health. Exposure assessment can be used to establish where and how air 19 pollutants' exposures occur. However, a realistic estimation of children's exposures to air 20 pollution is usually a great ethics challenge, especially for young children, because they 21 cannot intentionally be exposed to contaminants and according to Helsinki declaration, 22 they are not old enough to make a decision on their participation. Additionally, using 23 adult surrogates introduces bias, since time-space-activity patterns are different from 24 those of children. From all the different available approaches for exposure assessment, 25 the microenvironmental (ME) modelling (indirect approach, where personal exposures 26 are estimated or predicted from microenvironment measurements combined with time-27 activity data) seemed to be the best to assess children's exposure to air pollution as it 28 takes into account the varying levels of pollution to which an individual is exposed during 29 the course of the day, it is faster and less expensive. Thus, this review aimed to explore 30 the use of the ME modelling approach methodology to assess children's exposure to air 31 pollution. To meet this goal, a total of 152 articles, published since 2002, were identified 32 and titles and abstracts were scanned for relevance. After exclusions, 26 articles were 33 fully reviewed and main characteristics were detailed, namely: i) study design and 34 outcomes, including location, study population, calendar time, pollutants analysed and 35 purpose; and ii) data collection, including time-activity patterns (methods of collection, 36 record time and key elements) and pollution measurements (microenvironments, methods 37 of collection and duration and time resolution). The reviewed studies were from different 38 parts of the world, confirming the worldwide application, and mostly cross-sectional.
Introduction 60

Relevance of the assessment of children's exposure to air pollution
Duan (1982) and Ott (1982) introduced in the early 80's the concept of human exposure 62 (or simply exposure), which was defined as "an event that occurs when a person comes known; and iv) the time between exposure and biomarkers sample collection must be 156 known. Although there are a number of biomarkers that meet these criteria, few studies 157 using biomarkers have collected all of the information required to accurately estimate 158 exposure. In studies with large sample sizes, long duration and diverse outcomes and 159 exposures, exposure assessment efforts should rely on modelling to provide estimates for 160 the entire cohort, supported by subject-derived questionnaire data, although assessment 161 of some exposures of interest requires individual measurements of exposures using 162 snapshots of personal and microenvironmental exposures over short periods and/or in 163 selected microenvironments (Gilliland et al., 2005) . In addition, significant challenges are 164 associated with collecting biomarkers' data from children (Weaver et al., 1998) . Although (Jones et al., 2007) . 172 Exposure modelling is the indirect method that assesses (estimates or predicts) personal 173 exposures derived from ambient measurements (i.e., measurements made in locations 174 frequented by the study participants) combined with time-activity data, which results in 2010a; Mölter et al., 2010b) , increasing the amount of available data for assessing 189 personal exposure to air pollution, or using both indirect and direct approach to compare 190 the exposure values estimated by the indirect approach with the real personal sampling 191 measured values, which can also be done to validate the model.. It is feasible to believe 192 that the indirect methods of exposure assessment can yield estimates closely matching 193 those of the direct method (Malhotra et al., 2000) . However, CFD is not considered 194 appropriate for generic population exposure modelling, because it is primarily a research 195 tool used for ventilation, air flow and contaminants' modelling, rather than individual or 196 population exposure modelling. In the same way, and despite being frequently used in 197 epidemiologic studies, regression models have major issues that could be constraints to 198 their applicability, like their transferability to other locations and to other periods of time, 199 when compared to a mechanistic approach like ME modelling (Ashmore and 200 Dimitroulopoulou, 2009). In this field, ME modelling can be used to determine exposures 201 to both individuals and large populations, because it is not often financially practical to 202 make a sufficient number of exposure measurements to completely characterize the 203 spatial and temporal range of exposures in large populations, and to predict what changes 204 in emissions or activities are most effective to obtain reduced exposure (Weisel, 2002) . 205 Furthermore, it has several advantages, mainly the possibility to be rapidly and 206 inexpensively used to calculate estimates of exposure over a wide range of exposure 207 scenarios (Klepeis, 1999) , and it is also the most appropriate way to examine the potential 208 outcomes of future environmental and/or building interventions and policies, This review was elaborated to report original research and review studies on the 251 assessment of exposure in several microenvironments, with children as the main 252 population study and/or as one of the study sub-groups, and focusing on those using ME 253 modelling approach to assess children's exposure to air pollution. Thus, the main 254 keywords used for the search were: "children's exposure", "air pollution", "assessment", 255 "microenvironment", and "modelling". A total of 152 articles were identified and titles 256 and abstracts were scanned for relevance. Detailed exposure measurement or estimation 257 methodologies and models on different approaches are beyond the scope of this review, 258 and can be found reviewed in other papers (Baxter et al., 2013; Klepeis, 2006; Milner et 259 al., 2011; Moschandreas et al., 2002; Steinle et al., 2013) . The type of article, i.e. being 260 an original, review, letter or other type, was not used as inclusion or exclusion criteria 261 due to the limited number of articles that addressed this topic.
262
Exclusions were performed, namely regarding those studies that: i) did not consider 263 children as the population study or as one of the population sub-groups; ii) studies that 264 did not used ME modelling approach to assess exposure to air pollution; iii) only 265 considered a unique microenvironment; and iv) merely focused on the conceptual 266 framework or only on one of the ME modelling aspects.
267
Studies that relied on both indirect and direct methods for their exposure assessments 268 were also included. After exclusions, the search performed retrieved 26 articles 269 containing studies on the assessment of children's exposure to air pollution using a ME 270 modelling approach. 274 In daily life, people move around and thus are exposed to various levels of pollutants in 275 various locations. The earlier researchers Fugas (1975 ), Duan (1981 , 1982 , and Ott 
Conceptual framework
= ∑ =1
(1)
is the exposure of the ith individual, is the concentration of the pollutant measured 281 in the jth microenvironment of the ith individual, is the time spent by the ith individual 282 in the jth microenvironment, and m is the number of different microenvironments, such 283 that the Equation 2 is satisfied:
(2)
In a review, Milner et al. (2011) distinguished the following types of ME models: i) 285 measurement-based ME models, based on observational (measured) data, usually long-286 term averages, whether from air quality monitoring stations or local outdoor or indoor 287 measurements; ii) mass-balance ME models, which model the movement of air pollution 288 throughout a system of one or two ME compartments and from outdoors based on 289 principles of mass conservation; iii) multizone ME models, based on the same principles 290 as mass-balance ME models, although in this case a larger number of microenvironments 291 are modelled, with exceptionally detailed input data requirements; and iv) sub-zonal ME 292 models, similar to multizone but additional sub-zones are considered to capture within-293 room gradients, being useful for buildings/rooms which may have high gradients of 294 concentration.
295
By using a ME exposure model, the researcher in each case can quantify the exposure 296 distribution of study subjects and examine the likely influence of each location and other 297 exposure factors (Klepeis, 2006 In the majority of the reviewed studies the calendar time was described, although in some 341 it was not reported (Harrison et al., 2002; Rojas-Bracho et al., 2002; Shimada and 342 Matsuoka, 2011; Mestl et al., 2006; Van Roosbroeck et al., 2007; Wu et al., 2005b; Zhang 343 and Batterman, 2009). The reviewed studies were published since 2002 and in some cases 344 there was a gap between the period when the study took part and its publication date, as 345 for example in Crist et al. (2008) where this gap was more than 8 years.
346
The overwhelming majority of the reviewed studies were cross-sectional, and only 3 were in Table 2 , the pollutants analysed were mainly combustion-related, with the exceptions 371 of ozone in Lee et al. (2004) , and radon in Briggs et al. (2003) . Additionally, no examples were found of the application of ME modelling approach to study children's exposure to 373 biological compounds, like aeropathogens, moulds and allergens.
374
Regarding the outcomes which are deeply related with the purpose and objectives of the 375 study, the reviewed studies were mostly in the field of the characterization of children's 376 personal exposures and their relation with outdoor and indoor concentrations ( Table 2) .
377
A common conclusion in the reviewed studies was the significant importance of air 378 quality in indoor microenvironments to children's exposure to air pollution. The reviewed studies mainly used a time-activity diary as method for collecting time-383 activity patterns (Table 3) . A questionnaire or information from previous studies or All the reviewed studies chose the specific microenvironments for pollution 409 measurements according to the time-activity information collected (Table 3) . They 
428
Data availability and its quality for model input are critically important, so distinct 429 methods of collection were found in the 26 reviewed studies (Table 3) approach in exposure assessment studies has several advantages for it takes into account 633 the varying levels of pollution to which an individual is exposed during the course of the 634 day (Malhotra et al., 2000) . The key advantage of these models is that they are relatively 635 straightforward to apply and produce results which may be easily compared with From all the different available approaches and methods for determining exposure, the 668 ME modelling approach (indirect approach) seemed to be the best to assess children's 669 exposure to air pollution as it is faster and less expensive, and takes into consideration 670 several levels of pollution to which a child is exposed during the course of the day. By 671 considering the pollutants' concentrations in different locations attended by the study 672 participants (microenvironments), and the time they spend in those locations (time-673 activity patterns information), it is possible to determine the children's exposure to air 674 pollution, both in individuals and/or extend it to populations' groups.
675
There are a limited number of children's exposure assessment studies using the ME 676 modelling approach. Since 2002, it was only possible to find and review 26 studies.
677
Almost half of them were performed in the USA, but there were studies also performed 678 in Europe, Australia, Latin America, India and Asia, which confirms the possibility of a 679 worldwide application of the ME modelling approach to assess children's exposure to air 680 pollution. Although the majority of the reviewed studies were cross-sectional, thus 681 involving measurements at one specific point in time, ME modelling approach to assess microenvironments used were home and school (indoors and outdoors) and in traffic.
695
Some of the studies reviewed divided home and/or school in different sub-696 microenvironments as kitchen, bedroom and different classrooms, but others can be 697 considered. Data on pollutants' concentrations can be obtained by in-situ measurements 698 (fixed or personal samplers) or by predictive models, respectively measurement-based 699 and mass-balance models, and both cases were found in the reviewed studies. Some 700 studies also reported this type of data estimated from databases or in the literature.
701
The use of the ME modelling approach in studies to assess children's exposure to air 702 pollution is highly encouraged, as it has several advantages for it takes into account the 703 varying levels of pollution to which an individual is exposed during the course of the day, 704 being relatively straight forward to apply and produce results which may be easily 705 compared with exposure observations. However, there are uncertainties associated with 706 the application of this approach, mostly due to the lack of detailed time-activity 707 information (particularly difficult in children studies), or due to the assumptions and 708 simplifications that are usually necessary along the assessment process (existing in 709 children's studies). Thus, a validation process is needed, which can be performed by 710 comparing ME concentrations of pollutants with direct personal exposure measurements 711 in the entire or in a selected small group of the study population. To estimate exposure concentrations emitted through the consumption of fuel inside residences in individual countries in Asia, in order to assess associated health risks.
Cross-sectional
Individual exposure was greatly affected by people's use of time indoors. In each studied country, PM2.5 exposure was higher for children and unemployed women aged 35-64. To examine the relationships between indoor and outdoor concentrations and personal exposures.
Mean outdoor concentrations were significantly higher than either indoor or personal ones. This exposure modelling estimation method performs well during different seasons when activity patterns and aerosols can vary.
Hänninen et al. To present a ME and time-activitybased approach for exposure model to provide quantitative health-based tools for air quality-related policy refinement and evaluation.
Majority of the children were exposed to levels of health concerns in the case of an episode. Especially highest exposures experienced while in traffic may affect children spending substantial periods of time in or close to traffic environments. 
Zhang and
Cross-sectional
Changes in exposures depended on the duration of the congestion and the pollutant.
Time allocation shifts and the dynamic approach to time-activity patterns improve estimates of exposure impacts from congestion and other recurring events.
Crist et al. PM2.5
To identify and apportion the PM2,5 sources that were common resulting in exposure to asthmatic children, and consequently interferes with regular school attendance and progress.
Secondary nitrate and motor vehicle emissions were the largest external sources of particulate matter. Cooking was the largest internal source. Also a significant influence of indoor smoking and high traffic flow outside the school in indoor air quality. To assess personal exposure to air pollution in children living in homes on streets with different degree of traffic intensity.
Children living near busy roads were found to have a 35% higher personal exposure to "soot", but smaller contrasts for NO and NO2.
Ballesta et al. To estimate daily average exposure for different population groups: rural coal users, urban coal users, and urban gas users.
Young children and elderly spend most the time indoors and had the highest daily exposure in the coal using population. The rural population experienced higher exposure than the urban ones, even though the outdoor air is significantly cleaner in rural areas. To characterize air pollution exposures in inner-city children predominantly from low-income households for providing benchmarks.
Media and upper-bound home and personal exposures were well above health benchmarks for several compounds, so outdoor measurements likely underestimate long-term health risks from children's exposure to these compounds.
Adgate et al. To determine and compare personal, indoor and outdoor exposure, and statistical associations with common sources and modifiers of exposure.
A consistent pattern of personal > indoor > outdoor exposure was observed for 9 of 10 VOC. For most children, the indoor at-home microenvironment was strongly associated with personal exposure. To determine weekly outdoor, indoor and personal exposure estimates of school children. To determine if systematic exposure differences among children exist.
Personal O3 exposures reflected the proportional amount of time spent in indoor and outdoor environments (higher out). Centrally air-conditioned indoor environments confer a substantial protect from ambient O3 levels. To characterize the children's personal exposures with respect to the measured values at the ambient sites, in the classrooms, and in the homes.
Children's personal exposure strongly correlated with their home environment and weak correlations with the ambient (outdoor) and classroom environments.
Briggs et al. To assess the daily exposure of infants (and their mothers) and to determine the factors that influence exposure.
Indoor background levels during the day and at night-time exceedingly high, due to resuspension of dust and infiltration. Outdoor levels measured poorly correlate with integrated exposure.
Chau et al. To estimate the total exposure to air pollutants for different population age groups, and to compare their exposure profiles with respect to different commuting and behaviour patterns.
Homes were shown to be one of the major exposure sites for all age groups. 24h NO2 exposures for individuals spending more than 2h in commuting daily exceeded the 24h NO2 exposure standards. Cross-sectional ME measurements of CO and NO2 can well represent the personal exposures of individuals within that ME. Elderly subjects and those with pre-existing disease received generally lower PM10 exposures than the healthy adults and schoolchildren, due to their less active lifestyles. -Bracho et al. (2002) Santiago, Chile 20 children (age 10-12 years), living in non smoking households NR. a PM2.5, PM10 and NO2
Rojas
To characterize particle and gaseous exposures of children (aged 10-12 years), living in Santiago, Chile
Cross-sectional
Outdoor particles contributed significantly to indoor concentrations. The presence of gas cooking stoves in the homes results in NO2 weak associations for indoor-outdoor and personal-outdoor relationships. 15-min and 30-min, intervals for adults and children respectively.
Information on activities and presence in various locations and
on whether the participants were close proximity to smokers, and for how long.
According to TAD: indoors (at home, away and at school), and outdoors (at home, away and in vehicles).
Integrated and continuous monitors were employed to measure indoor and outdoor particles and BC (only at home). Personal sampling was also conducted.
5 sampling days each in the winter (January-March) and summer (July-August) of each year for stationary, and only in 2006 for personal.
Hänninen et al. (2009)
Information derived from school administration, from a survey on two children samples, and using typical daily timetables of schoolchildren in Italy.
NR b
Estimation on time spent travelling between home and school.
Residential indoors, school indoors, in traffic and residential outdoors
Indoor concentrations were modelled using either a mass-balance model or infiltration model. Outdoor and intraffic concentrations were estimated using fixed site monitoring stations (the last one multiplied by coefficients observed in a number of studies reviewed by WHO). 
Each subject kept a time-activity diary.
24-h recordings
Time spent in 7 primary MEs as well as data on exposure to tobacco smoke and other potential modifiers.
Indoor (at home, school and other); outdoor (home, school and other); and in transit.
VOCs were collected by passive diffusion, indoor and outdoor urban and nonurban residences. Also personal sampling was carried to compare the results.
Screening-phase, followed by an intensive-phase. 6day average concentrations on fixed monitors (indoor and outdoor) and in personal samplers.
Lee et al. School and home, both indoors and outdoors.
Daily ambient and indoor measurements at two elementary schools, as well as concurrent measurements inside the children homes. Personal samplings also made.
Daily 24-h measurements were made in 8 seasonal sampling campaigns.
Briggs et al.
Survey of home occupancy rates, and surveys of time activity and journey patterns.
Over a 24-h weekday period, for half-hourly intervals.
Daily time spent indoors home, other time-activity and journey patterns. Indoor (including home and other places), outdoor near home, and outdoor away from home.
Indoor and outdoor PM concentrations
were measured with single-stage inertial monitors. Personal monitoring was also measured using a personal monitor device for comparison with the modelled values.
26 monitoring sessions, each one with 10 consecutive monitoring days, starting on Tuesdays and ending on Fridays.
Saksena et al. (2003)
Estimated through recall-based questionnaires.
NR b
Time spent in the six MEs.
The three cooking sessions, the session between meals which could be spent indoors or outdoors, and the sleeping session.
Concentration levels were measured using portable samplers, for two consecutive days in each house.
Continuously (24-h) for two consecutive days.
Chau et al. The periods of time spent by the subject in the different MEs.
Outdoor and indoor (home and workplace/school).
Additional MEs: leisure activities (social clubs, pubs and cafes), transport (cars, Static measurements were performed in the indoor and outdoor microenvironments. Additionally, direct personal measurements were performed in healthy subjects. In susceptible subjects, a shadowing approach was performed for the Continuously. Duration not reported.
buses and trains), shops and park area (dog walking).
additional direct personal sampling to compare the results.
Rojas-Bracho et al.
Time-activity diary. A recall diary was also used to report activities and conditions that could affect indoor concentrations or personal exposures.
N.R. b
Time intervals spent in different MEs, time spent near smokers, and specific info on buildings.
Indoors, outdoors, and in transportation (motor vehicle, walking or bicycle).
Indoor and outdoor samples were done by passive badges. Personal samples were done by a pumped wearable device to compare the results.
Personal, indoor and outdoor 24-h samples were collected for five consecutive days.
